Bacteriophytochromes (BphPs) are light-sensing regulatory proteins encoded by photosynthetic and nonphotosynthetic bacteria. This protein class has been characterized structurally, but its biological activities remain relatively unexplored. Two BphPs in the anoxygenic photosynthetic bacterium Rhodopseudomonas palustris, designated regulatory proteins RpBphP2 and RpBphP3, are configured as light-regulated histidine kinases, which initiate a signal transduction system that controls expression of genes for the low light harvesting 4 (LH4) antenna complex. In vitro, RpBphP2 and RpBphP3 respond to light quality by reversible photoconversion, a property that requires the light-absorbing chromophore biliverdin. In vivo, RpBphP2 and RpBphP3 are both required for the expression of the LH4 antenna complex under anaerobic conditions, but biliverdin requires oxygen for its synthesis by heme oxygenase. On further investigation, we found that the apo-bacteriophytochrome forms of RpBphP2 and RpBphP3 are necessary and sufficient to control LH4 expression in response to light intensity in conjunction with other signal transduction proteins. One possibility is that the system senses a reduced quinone pool generated when light energy is absorbed by bacteriochlorophyll. The biliverdin-bound forms of the BphPs have the additional property of being able to fine-tune LH4 expression in response to light quality. These observations support the concept that some bacteriophytochromes can function with or without a chromophore and may be involved in regulating physiological processes not directly related to light sensing.
purple nonsulfur bacteria | gene regulation | redox control | photoregulation L ight can be both a beneficial source of energy and a detrimental source of cellular damage. It is not surprising, then, that organisms have evolved mechanisms to sense light. Phytochromes are a major family of photoreceptors found in plants, fungi, and bacteria that help organisms sense and respond to their environment by light-induced isomerization of a chromophore. Phytochromes are promising tools in the field of optogenetics and in the development of near-infrared fluorescent markers, and a large body of biochemical and biophysical analysis exists for this family of photoreceptors (1-3); however, despite advances in elucidating the function of plant phytochromes (3), the function of many phytochromes in bacteria, known as bacteriophytochromes (BphPs), remains unknown (4, 5) .
Much of our current knowledge about the physiological role of BphPs comes from work with the anoxygenic photosynthetic bacterium Rhodopseudomonas palustris. R. palustris generates energy from light by cyclic photophosphorylation under semiaerobic and anaerobic growth conditions. Light harvesting complexes consisting of repeating units composed of small alpha and beta proteins that bind bacteriochlorophyll and carotenoids absorb light energy, which is then transferred to reaction centers, where it is converted into a proton gradient used to generate ATP (6) . R. palustris has a light harvesting 2 (LH2) antenna complex, which absorbs maximally at ∼800 and 860 nm and predominates under moderate to high light intensities. It also has a light harvesting 4 (LH4) antenna complex with a ∼800-nm absorption maximum. LH4 predominates under low light intensities, where it allows for more efficient light capture.
Two R. palustris BphPs, designated RpBphP2 and RpBphP3, function in a signal transduction system that controls the expression of LH4 antenna complex genes (7, 8) . Each of these BphPs has a chromophore-binding domain and a C-terminal histidine kinase domain. The genes RpBphP2 and RpBphP3 are adjacent to rpa3014, rpa3017, and rpa3018, which encode the proteins composing the signal transduction system controlling transcription of the pucBAd LH4 genes (Fig. 1A) . In vitro studies have characterized the reversible photoconversion of RpBphP2 and RpBphP3 between a red light (700 nm)-absorbing form, which is also the form that the proteins assume in the dark, and a far-red (750 nm)-absorbing or near-red (650 nm)-absorbing form, respectively (9) (10) (11) (12) . BphPs bind the chromophore biliverdin IXα (BV), a linear tetrapyrrole that is incorporated autocatalytically into the N-terminal photosensory domain (13, 14) . BV is synthesized by heme oxygenase from heme, a reaction that requires oxygen (15) .
An increase in LH4 synthesis is seen in R. palustris cells grown in red light under semiaerobic conditions (7, 16) . This finding is consistent with the conclusion that under semiaerobic conditions, BV is synthesized and incorporated into RpBphPs, allowing them to respond to red light. R. palustris also increases the synthesis of its LH4 complexes in response to a decrease in white light intensity when grown anaerobically, and both RpBphP2 and RpBphP3 are required for this response (7, 8, 16) . In plants and cyanobacteria, phytochromes have been implicated in the sensing of light intensity, for which their ability to bind a chromophore and carry out photoconversion is essential (17, 18) .
We wondered how RpBphP2 and RpBphP3 might function to sense light intensity in anaerobically grown R. palustris, a condiSignificance Bacteriophytochromes (BphPs) are regulatory proteins that bind a light-absorbing chromophore called biliverdin. Recombinant BphPs show promise for use in regulating neuron function in mammals with light. We explored the possibility that BphPs may sense cues in addition to light. Our motivation was that biliverdin requires oxygen for its synthesis, and some bacteria use BphPs to control photosynthesis in the absence of oxygen. We found that the photosynthetic bacterium Rhodopseudomonas palustris requires two BphP proteins to sense low light when grown in the absence of oxygen; however, the BphPs do not need to have their chromophore to sense low light intensities. BphPs may respond to intracellular signals, such as reducing conditions, in addition to light to regulate downstream functions.
tion in which they are expected to not have a chromophore, because oxygen is required for BV synthesis. Here we investigated this question and were surprised to find that RpBphP2 and RpBphP3 are required for LH4 synthesis, but that the apophytochrome forms of these proteins are sufficient for this function, with bound BV not necessary.
Results
Intact RpBphP2 and RpBphP3 Are Required for R. palustris LH4 Expression. We created in-frame deletion mutants of RpBphP2 or RpBphP3 and assayed LH4 expression in cells by measuring the ratio of whole-cell absorbance at 800 nm to absorbance at 860 nm. The LH4 complex predominates when this ratio is >1, and the LH2 complex predominates when the ratio is <1 (16, 19) . We found that deletion of either one of the RpBphP genes disrupted LH4 synthesis in response to low light intensity, similar to previous reports (7, 8) (Fig. 1B and Table 1 ). The in-frame deletion mutants of RpBphP2 or RpBphP3 were complemented by expression of the WT allele in trans (Table S1 ). This indicates that both RpBphP2 and RpBphP3 are required for LH4 synthesis, and that the presence of only one of these RpBphPs is insufficient to induce LH4 synthesis in response to low light.
RpBphP2 Purified from R. palustris Binds Biliverdin. Earlier work revealed that BV is covalently attached to RpBphP2 and RpBphP3 when these BphPs are expressed and purified from Escherichia coli expressing Bradyrhizobium japonicum heme oxygenase (7) . To determine whether a chromophore is bound to RpBphP2 in R. palustris, we purified His-tagged RpBphP2 from R. palustris cells grown in light under extremely oxygen-limited conditions obtained by boiling and gassing the growth medium and dispensing it in an anaerobic chamber (hereinafter referred to as anoxic growth conditions). The purified protein was capable of photoconversion, and its spectrum was similar to that of RpBphP2 purified from E. coli ( Fig. 2A) . Zinc fluorescence indicated that RpBphP2 purified from R. palustris had a covalently bound chromophore (Fig. 2B) , which could suggest that RpBphP2 binds a unique chromophore that is not dependent on heme oxygenase conversion of heme to BV. Alternatively, R. palustris may have a high-affinity heme oxygenase that can scavenge traces of oxygen from anoxic growth medium to catalyze BV synthesis.
To investigate further, we purified RpBphP2 from R. palustris mutants with deletions in each of four putative heme oxygenases encoded in its genome: hmuO (rpa1539), which is encoded next to RpBphP1 (rpa1537) and is homologous to heme oxygenases encoded next to BphPs in other bacterial species; rpa3279, a Pseudomonas aeruginosa pigA homolog; rpa2125, a Staphylococcus aureus isdG homolog; and rpa0359, a Helicobacter pylori hugZ homolog. As shown in Fig. 2B , RpBphP2, isolated from the heme oxygenase hmuO mutant, had a barely detectable amount of zinc-induced fluorescence, indicating that it is responsible for chromophore synthesis. RpBphP2 isolated from a quadruple heme oxygenase deletion mutant (R. palustris ΔHO) also had barely detectable zinc-induced fluorescence, as expected (Fig.  2B ). In addition, RpBphP2, purified from the R. palustris ΔHO mutant strain, did not exhibit detectable red or far-red absorption properties ( Fig. 2A) , indicating that it does not have a bound chromophore. Even though RpBphP2 from the ΔHO mutant strain had no bound chromophore, R. palustris ΔHO mutant cells expressed WT levels of LH4 (Fig. 1B and Table 1 ).
Identification of RpBphP2 and RpBphP3 Variants Unable to Bind BV in Vitro and in Vivo. To obtain additional evidence that R. palustris apo-bacteriophytochromes can direct LH4 synthesis, we used site-directed mutagenesis to generate RpBphP2 and RpBphP3 variants that were unable to bind BV. Previous work has shown that covalent attachment of BV to BphPs is mediated by a thioether linkage formed with a conserved cysteine in the N-terminal photosensory core domain (20) . Disrupting the thioether linkage using an alanine substitution at this conserved cysteine is a common strategy used to abrogate covalent attachment of BV to BphP. However, in Deinococcus radiodurans BphP (DrBphP), although alanine substitutions at this position disrupted covalent attachment of BV, DrBphP was still able to interact with BV and maintain a relatively normal absorbance spectrum (21) . Similar results have been reported for other BphPs and phytochromes as well (22, 23) .
To identify mutations that would disrupt both covalent attachment of BV and noncovalent association of BV with the BphP, we subjected all of the RpBphP2 and RpBphP3 variants that we generated to the zinc-induced fluorescence assay to look for covalent attachment of BV. We also ascertained the spectral properties of each variant to detect noncovalent associations with BV.
In addition to alanine substitutions at the conserved cysteine (C15 for RpBphP2 and C28 for RpBphP3), we constructed variants with alanine substitutions at R249, H255, and S269 in RpBphP2 and the corresponding residues in RpBphP3 (R263, H269, and S283) (Fig. 3A) . We chose these residues because they are conserved in most BphPs, and because crystal structures of the chromophore-binding pocket of RpBphP2 and RpBphP3 show that these residues interact with the propionate side chains of BV (9, 24) . We did not investigate residues that interact with the D pyrrole ring of BV, because these have been shown to be involved in photoconversion (9, 12). All RpBphP variants were purified from E. coli expressing a heme oxygenase, and cell extracts were incubated with exogenously added BV before protein purification. Like other BphPs, RpBphP2 and RpBphP3 with alanine substitutions at the conserved cysteines were unable to covalently bind BV (Fig. 3B) ; however, even though the amount of associated BV was reduced, these variants of RpBphP2 and RpBphP3 still had detectable absorption at 700 nm (Fig. S1 ). An alanine substitution at H255 in RpBphP2 resulted in an unstable protein and was not characterized further. An alanine substitution at S269 in RpBphP2 demonstrated no effect on BV binding or photoconversion ( Fig. 3B and Fig. S1 ). Unlike in RpBphP2, alanine substitutions at H269 or S283 in RpBphP3 resulted in variants that could still covalently bind BV, but with reduced BV binding and abnormal absorption spectra ( Fig. 3B and Fig. S1 ). The differing properties observed for these variants of RpBphP2 and RpBphP3 could be related to the increased number of hydrogen bonds in the BV-binding pocket of RpBphP3, which is thought to make the BV environment more rigid (24) . This could be why changes in the BV-binding pocket have a greater effect on BV binding in RpBphP3 than in RpBphP2.
Of all of the variants tested, only RpBphP2 R249A and RpBphP3
R263A were unable to associate with BV. These variants were unable to covalently bind BV and also exhibited little or no red, far-red, or near-red absorption, indicating that unlike RpBphP2 C15A and RpBphP3 C28A , these variants are not able to associate with BV ( Fig. 3 B and C) . This finding indicates that substitution of the arginine with alanine, which abolishes two salt bridges that form with the propionate side chain of the B pyrrole ring, is sufficient to prevent both covalent and noncovalent association of BV with either of these RpBphPs. Thus, the conserved arginine in these two RpBphPs may be required for autocatalytic incorporation of BV. This is in contrast to DrBphP, where an alanine substitution at this conserved arginine is unable to disrupt BV binding, but a more disruptive glutamine substitution blocks BV binding (21) .
We purified the RpBphP2 R249A variant from R. palustris to confirm that it does not bind BV in this background. As shown in Fig. 2A and Fig. 3D , no chromophore was associated with RpBphP2
R249A
. This finding indicates that amino acid substitutions in RpBphP2 that disrupt BV binding in vitro also disrupt BV binding in R. palustris in vivo, and that RpBphP2 R249A can be used to determine whether a BphP can function in the absence of BV.
Biliverdin Is Required to Sense Light Quality Under Semiaerobic
Conditions. Under semiaerobic conditions, LH4 synthesis occurs in response to red light irrespective of light intensity (7). Because BV is required for activation of purified RpBphP2 and RpBphP3 by red light, BV should be required in vivo for RpBphP2/P3 to up-regulate LH4 expression in response to red light under semiaerobic conditions. We tested this idea for RpBphP2, using chromosomal allelic exchange to create a RpBphP2 R249A mutant strain of R. palustris and assaying LH4 expression by measuring whole-cell absorbance.
As shown in Fig. 4A and Table 1 , semiaerobically grown cells of the RpBphP2 R249A mutant were defective in LH4 synthesis, indicating that BV is required to increase LH4 synthesis in response to red light. The RpBphP2 R249A mutant synthesized more LH4 compared with a RpBphP2 deletion mutant, however, indicating that BV is not required for RpBphP2 activity, but does modulate RpBphP2 activity in response to changes in light quality under semiaerobic conditions. Apo-Phytochrome RpBphP2 and RpBphP3 Are Required to Sense Light Intensity. Previous work has shown that enhancement of LH4 synthesis occurs in response to decreasing intensity of white light under anaerobic conditions (8) . Along with its role in sensing light quality, BV also may play a role in sensing light intensity. To determine whether BV is required for this, we measured wholecell absorption spectra of RpBphP2 R249A and RpBphP3 R263A mutant cells grown in anoxic medium in low-intensity white light. As shown in Fig. S2, Fig. 4B , and Table 1 , the mutant strains demonstrated normal LH4 expression.
Although RpBphP2 and RpBphP3 do not require a chromophore to function under low-intensity white light, variants that are not bound to a chromophore may be less proficient in responding to activating red (700 nm) or deactivating far-red (750 nm) light. In our evaluation of the ability of RpBphP2 R249A mutant cells to up-regulate LH4 synthesis in response to red and far-red light under anoxic conditions, they behaved as WT cells ( Fig. 5 and Table 1 ), suggesting that cells respond to the intensity rather than the wavelength of the red and far-red light. We tested this idea by decreasing the intensity of the far-red light. Under these conditions, both RpBphP2 and RpBphP3 should be in their inactive, dark-adapted state, yet high levels of LH4 synthesis were seen ( Fig. 5B and Table 1 ). This finding indicates that LH4 gene expression responds to light intensity rather than to light quality under anoxic conditions. It also rules out the possibility that another photosensory protein that responds to different light wavelengths, such as a blue light photosensor, is involved in regulating LH4 gene expression.
RpBphP1 Can Also Function Without BV. Our data indicate that RpBphP2 and RpBphP3 do not require BV to function in vivo in sensing light intensity. This also seems to be true for another RpBphP in R. palustris, RpBphP1 (Rpa1537). Unlike RpBphP2 and RpBphP3, the RpBphP1 output domain is composed of a Per Arnt Sim (PAS) domain and a two-helix output sensor (HOS) domain, which allows it to interact with its cognate repressor, PpsR2 (25) . PpsR2 is an oxygen-responsive repressor that controls expression of a large number of core photosynthesis genes (26) . Under high aeration, synthesis of the photosynthetic apparatus is repressed, resulting in reduced pigmentation and a decrease in the photosystem as determined by absorption spectra of intact cells (27, 28) . In R. palustris CGA009, RpBphP1 contains a frameshift mutation. When this frameshift mutation is repaired, an increase in pigmentation and photosystem synthesis is seen even under high aeration, supporting the role of RpBphP1 as an antirepressor of PpsR2 (Fig. 6) (28) . To determine whether RpBphP1 requires a chromophore to function in vivo, we repaired the frameshift mutation in RpBphP1 in the R. palustris strain CGA009 ΔHO strain. As shown in Fig. 6 , deletion of the heme oxygenases in the repaired strain did not Fig. 2 . BV is the natural chromophore of RpBphP2. His-tagged RpBphP2 was purified from anoxically grown R. palustris extracts using nickel chelate chromatography. (A) Absorption spectra of purified His-tagged proteins that were incubated in the dark (dark-adapted state) included RpBphP2 purified from WT R. palustris (BphP2 dark), R. palustris ΔHO (BphP2 ΔHO dark), RpBphP2 R249A purified from WT R. palustris (BphP2 R249A dark), and a vectoronly control (vector). The absorption spectra for RpBphP2 purified from WT R. palustris after illumination with red light for 5 min (BphP2 light) is shown as well. (B) Purified protein was subjected to SDS/PAGE and assayed for assembly with BV using a zinc-induced fluorescence assay (Zn). This was followed by staining for protein (Prot). Samples include RpBphP2 (+) purified from E. coli with the addition of exogenous BV, WT R. palustris (WT), R. palustris with deletion of one of the four putative heme oxygenases (ΔhmuO, Δrpa0359, Δrpa2125, or Δrpa3279), and R. palustris with deletions in all four heme oxygenases (ΔHO). A vector-only (−) control was used. Structure showing the residues of RpBphP3 that interact with BV. The corresponding residues in RpBphP2 are given in parentheses. BV is in cyan, and oxygen and nitrogen atoms are in red and blue, respectively. (B-D) Histagged recombinant proteins were purified by nickel chelate chromatography. (B) Purified protein was subjected to SDS/PAGE and assayed for assembly with BV using a zinc-induced fluorescence assay (Zn), followed by staining for protein (Prot). (C) Absorption spectra of purified RpBphP2, RpBphP2 R249A , RpBphP3, and RpBphP3
R263A
. Spectra were determined for protein incubated in the dark (blue line) and after illumination with red light for 5 min (red line). (D) Protein purified from R. palustris was subjected to SDS/PAGE and assayed for assembly with BV using a zinc-induced fluorescence assay (Zn), followed by staining for protein (Prot). Samples include a vector-only control, RpBphP2, and RpBphP2
R249A from WT R. palustris.
affect the ability of RpBphP1 to antagonize PpsR2 repression, and increased pigmentation and photosystem synthesis was seen even under high aeration in light. This finding indicates that RpBphP1, like RpBphP2 and RpBphP3, does not require a chromophore to function in vivo. In addition, because RpBphP1 has a different output domain than RpBphP2 and RpBphP3, this finding suggests that the type of BphP output domain is not a determining factor in whether or not the BphP can function without BV.
Discussion
Our results show that the apo-phytochrome forms of RpBphP2 and RpBphP3 are absolutely required to sense light intensity and play a central role in signal transduction leading to LH4 expression in the photosynthetic bacterium R. palustris. These proteins also bind a BV chromophore under aerobic and low-oxygen growth conditions, and the chromophore senses light quality to fine-tune the activities of RpBphP2 and RpBphP3. Extensive in vitro work has shown that RpBphP2 and RpBphP3 can assemble with BV and function as light-regulated histidine kinases (7); however, because BV synthesis requires oxygen, it was thought that these RpBphPs might not always be associated with BV in vivo, particularly under anaerobic photosynthetic growth conditions (8, 15, 20, 29) . We found that RpBphP2 is bound to BV produced by HmuO in vivo in cells grown under extremely oxygenlimited conditions. This indicates that HmuO most likely has a high affinity for oxygen, allowing it to scavenge trace amounts of oxygen to synthesize BV. In support of this conclusion, other work has shown that HmuO from Corynebacterium diphtheriae has a 20-fold greater oxygen affinity than mammalian myoglobins, and heme oxygenases have been found in strict anaerobes, including Clostridium tetani and Clostridium perfringens, where they may function in maintaining an anoxic environment (30-32). HmuO was identified in the proteome of anaerobically grown R. palustris, which suggests that HmuO functions under culture conditions considered anaerobic (33) .
Although it is conceivable that under much stricter anaerobic conditions, RpBphP2 and RpBphP3 are not associated with BV and do not function, our findings indicate otherwise. LH4 regulation was normal when we disrupted BV binding in vivo either by introducing amino acid substitutions in RpBphP that abrogated BV binding in vitro or by deleting the heme oxygenase so that both RpBphP2 and RpBphP3 were not associated with BV.
Under anoxic conditions, the RpBphP2/P3-initiated regulatory cascade that controls LH4 synthesis responds to a decreasing intensity of white light (19) . Phytochromes and cyanobacteriochromes have been implicated in sensing not only light quality, but also light intensity (17, 34) . We were surprised to find that that the RpBphP2/P3 chromophore BV is not required to sense light intensity under anoxic conditions. Involvement of another photosensory protein, such as a blue light photosensor, or another chromophore bound to RpBphPs is unlikely, given that lowering the intensity of 750-nm light is sufficient for synthesis of LH4. This indicates that light intensity is more important than wavelength under these conditions, and that light intensity is not sensed as a change in light quality.
Even though light intensity is not being sensed as a change in light quality, there must be involvement of a light-absorbing chromophore that can transmit this signal. We believe that this chromophore is bacteriochlorophyll bound by the LH peptides, which absorbs light and transmits it to the reaction center, where it is used to reduce quinones in the membrane. In other systems, the redox status of the quinone pool changes under different light intensities, and light intensity is sensed as a change in the redox state of the quinone pool (35) (36) (37) (38) (39) (40) . We hypothesize that light intensity is sensed as a redox signal by R. palustris, and that this redox signal combined with the pool of active BphPs (even in the absence of BV) is sufficient for LH4 synthesis. We also altered the redox state of the cell by growing R. palustris under nitrogen-fixing conditions, and observed even more LH4 synthesis under low light intensity, suggesting that LH4 synthesis is responding to a redox signal.
How the RpBphP2/P3-initiated regulatory cascade might sense a redox signal remains unclear. Another RpBphP from R. palustris (RpBphP4; rpa1490) has been characterized as existing naturally in an apo-phytochrome form. This protein has redox-sensitive cysteines that respond to low oxygen tension to control the synthesis of LH2 genes (41) . RpBphP2/P3 do not have similarly placed cysteines, but these RpBphPs do have a PAS domain, and other PAS domains have been implicated in sensing redox potential (42) . Moreover, Rpa3018, a putative response regulator encoded downstream of RpBphP2 and RpBphP3, has been proposed to act as a redox sensor for incorporating a redox signal into the RpBphP2/P3-initiated regulatory cascade (20) .
It is possible that functioning without BV is a unique characteristic of BphPs in anaerobic bacteria, because they are more likely to encounter conditions in which BV might not be synthesized. It is also possible that this is an intrinsic property of many BphPs. If so, this may confound in vivo studies of BphPs. If BV is not necessary for BphPs to function, then looking for a phenotype in response to changes in light quality might not be sufficient to identify a role for a BphP, and actually might contribute to the poor understanding of the function of many BphPs in nonphotosynthetic bacteria. This factor also should be taken into consideration when using BphPs in optogenetics; careful engineering of BphPs may be needed to tightly regulate their activity by light.
Methods
Bacterial Strains and Culture Conditions. All R. palustris strains were grown aerobically during manipulation on defined mineral medium (PM)-agar supplemented with 10 mM succinate at 30°C (43) . All aerobic and semiaerobic cultures were grown as described previously (26) in PM supplemented with 20 mM acetate. All R. palustris strains grown were grown anoxically in PM supplemented with 20 mM acetate in light at 30°C. The growth medium was deaerated by heating, followed by extensive bubbling with argon gas. The medium was dispensed into culture tubes in an anaerobic glove box, and the tubes were sealed with rubber stoppers. All cultures were initially grown anaerobically with 30 μmol photons/m 2 /s from a 60W halogen light bulb (General Electric) and then diluted at least twice into fresh PM medium supplemented with 20 mM acetate after exposure to either low light (4 μmol photons/m 2 /s) from a 15W halogen light bulb (General Electric) or 700-nm light (10 μmol photons/m 2 /s), 750-nm light (15 μmol photons/m 2 /s), or 750-nm light (4 μmol photons/m 2 /s) from a series of LEDs with a bandwidth <30 nm (Roithner Lasertechnik; LED700-02AU and LED750-03AU). E. coli strains Rosetta 2(DE3)pLysS (EMD Bioscience) and S17-1 (44) were grown in LB medium at 37°C. When appropriate, R. palustris was grown with gentamicin at 100 μg/mL. E. coli cultures were supplemented with ampicillin 100 μg/mL, kanamycin 50 μg/mL, or chloramphenicol 25 μg/mL.
Genetic Manipulation of R. palustris. All strains and plasmids used are listed in Table S2 . To create a deletion of hmuO, PCR was performed using Platinum Taq High-Fidelity DNA polymerase (Invitrogen) to amplify 1 kb upstream of hmuO plus 200 bp of the 5′ end of hmuO using primers incorporating a XbaI restriction site at the 5′ end and a SpeI restriction site at the 3′ end of the amplified region. The 1-kb sequence downstream of hmuO plus 200 bp of the 3′ end of hmuO was also amplified using primers incorporating a SpeI restriction site at the 5′ end and a BamHI restriction site at the 3′ end of the amplified region. These fragments were then ligated into pBluescript II SK+ vector (Agilent Technologies). This construct was then digested with XbaI and BamHI and ligated into the pJQ200SK suicide vector (45) .
In-frame deletions of RpBphP2, RpBphP3, rpa0359, rpa2125, and rpa3279 were created by PCR using Phusion High-Fidelity DNA polymerase (New England Biolabs) to amplify 1 kb upstream of the second codon in the coding region, as well as the 1-kb sequence downstream of the stop codon, for each of these genes. These fragments were then incorporated into PstI-digested (RpBphP2, RpBphP3, and rpa0359) or NotI/PstI-digested (rpa2125 and rpa3279) pJQ200SK suicide vector using the In-Fusion PCR cloning system (Clontech).
Complementing vectors p-bphP2 and p-bphP3 were constructed using PCR amplification with Phusion High-Fidelity DNA polymerase (New England Biolabs). For p-bphP2, the RpBphP2 coding sequence plus 381 bp upstream of the translation start site was amplified and incorporated into EcoRI-and XbaI-digested pBB1RMCS-5 using the In-Fusion PCR cloning system (Clontech). For p-bphP3, the RpBphP3 coding sequence was amplified with primers incorporating a ribosomal binding site and then introduced into EcoR1-and XbaI-digested pBBPgdh.
The vectors used for allelic exchange of WT RpBphP2 for RpBphP2 R249A or WT RpBphP3 for RpBphP3 R263A were constructed as follows. PCR amplification of RpBphP2 or RpBphP3 was carried out using Phusion High-Fidelity DNA polymerase (New England Biolabs). The resulting 2.3-kb fragment was incorporated into PstI-digested pJQ200SK using the In-Fusion PCR cloning system (Clontech). Site-directed mutagenesis of the resulting plasmid using the PCR-based QuikChange method (Agilent Technologies) was carried out to introduce the R249A substitution into the RpBphP2 coding sequence or the R263A substitution into the RpBphP3 coding sequence. All plasmids were mobilized into R. palustris by conjugation with E. coli S17-1, and double-crossover events for deletions or allelic exchange was achieved using a selection and screening strategy as described previously (46) . All deletions were verified by PCR, and allelic exchange was verified using PCR and sequencing of the resulting PCR product.
A plasmid that would allow expression of His-tagged RpBphP2 was constructed by PCR from an previously described expression vector (9) that encoded RpBphP2 residues 1-505. The region amplified from this vector included the ribosomal-binding site to the 3′ end of the coding sequence, and the primers used incorporated an EcoRI restriction site at the 5′ end and an XbaI restriction site at the 3′ end. This fragment was then digested with EcoRI and XbaI and ligated into the plasmid pBBPgdh (47) . This construct was mobilized into WT R. palustris or R. palustris ΔHO by conjugation with E. coli S17-1.
Protein Purification from E. coli. Site-directed mutagenesis of the previously described pBAD::rpa3015 (RpBphP2) and pBAD::rpa3016 (RpBphP3) was carried out using the PCR-based QuikChange method (Agilent Technologies) (7). After mutations were confirmed by sequencing, plasmids encoding variants of RpBphP2 and RpBphP3 were transformed and expressed in E. coli Rosetta 2(DE3)pLysS (EMD Bioscience). Cells were grown to an OD 600 of 0.4-0.5, and protein expression was induced by the addition of L-arabinose to a final concentration of 1 mM, followed by growth for 6 h at 37°C with shaking. Cells were then harvested by centrifugation at 4,000 × g for 15 min at 4°C.
Purification was carried out as described previously (9) with the following modification. After sonication and centrifugation, cell extracts were incubated with exogenous BV for 5 min at room temperature. Purified protein was then subjected to zinc-induced fluorescence after SDS/PAGE to determine whether covalent attachment of BV to the apoprotein had occurred (48). The protein gel was then stained for protein using Gelcode Blue Safe protein stain (Fisher Scientific).
Protein Purification from R. palustris. Cells were grown in PM medium with 20 mM acetate and 1% yeast extract. The medium was sparged with argon gas for 30 min before sterilization. After sterilization, the medium was sparged with nitrogen gas for 30 min and then inoculated 1:200 with cells that had been grown anaerobically in PM with 20 mM acetate. The inoculated culture was then sparged with nitrogen gas for an additional 5 min. The culture was then placed in an anaerobic jar with a GasPak EZ satchet (BD Biosciences) and grown in light using a 60W halogen light bulb with slow stirring. The culture was allowed to grow to an OD 660 of 4.0. The culture was kept anaerobic until centrifugation at 4,000 × g for 15 min at 4°C. Purification was carried out as described previously (9) , with the following modifications: Cells were disrupted using a French press, and no exogenous BV was added to the cell extracts.
Spectrophotometry Analyses. All spectroscopy was carried out using a Beckman Coulter DU 800 spectrophotometer. All purified BphPs were incubated overnight in the dark at 4°C for dark-adapted samples. Equal amounts of protein were then diluted in water, and the spectra were recorded either in the dark or after 5 min of illumination with light passed through a 700-nm OD 2 short-pass filter (Edmunds Optics). Whole-cell absorption spectra of R. palustris were measured as described previously (49) .
Supporting Information
Fixen et al. 10 .1073/pnas.1322410111 Fig. S1 . Absorption spectra of purified bacteriophytochrome proteins (BphPs) of Rhodopseudomonas palustris, RpBphP2 and RpBphP3 variants. His-tagged recombinant proteins were incubated with biliverdin IXα (BV) and purified by nickel chelate chromatography. Spectra were determined for protein incubated in the dark (blue line) and after illumination with red light for 5 min (red line). 
